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Abstract 
Drought is a natural feature of the climate usually associated with dry and warm weather 
over an extended period of time causing less than normal water available at the land surface.   
The development of a drought is a slow process and it is often hard to detect early. Malawi 
represents a country that is highly dependent on agriculture and where data scarcity is a 
common problem. This study examines the applicability of modelled monthly precipitation 
data in drought assessment by comparing observed and modelled precipitation series in 
Malawi. The study reveals a high average correlation (~0.86) between modelled and 
observed data, suggesting that the modelled data provides a valuable tool in drought studies. 
A simple but novel method, Regional Drought Index, combining SPI and modelled data is 
introduced to examine drought on a regional scale. The method recognizes the severe 
droughts of the region documented in the literature. Standardized Precipitation Index and 
Standardized Runoff Index series are compared to investigate whether meteorological 
anomalies can be expected to characterize streamflow in rivers with different catchment 
sizes. The comparison of meteorological and hydrological monthly data suggests that the 
response time of the catchments increases with increasing catchment area. The ability to 
recognize runoff variability was highest for catchment sizes larger than 2000 km2, whereas 
for the smaller catchments the agreement between the two was low. 
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1. Introduction 
Water is the most fundamental and important resource in the world, and drought, even 
though its definition varies, means shortage of water compared to normal availability in a 
region. Tallaksen and van Lanen (2004) defines drought as “a sustained and regional 
extensive occurrence of below average natural water availability”. The onset of a drought is 
a much slower process than other natural hazards such as tornados, floods, or earthquakes, 
and hence is harder to detect. Drought can also last for longer periods of time and cover 
larger areas than other natural hazards, which can make impact and relief measures become 
difficult. All components of the water cycle are affected by drought from it develops as 
meteorological drought (lack of precipitation). Combining low precipitation with high 
evaporation losses, the water deficit may evolve to soil moisture drought, which in turn can 
lead to reduced groundwater recharge, and eventually low streamflow (hydrological drought) 
(Tallaksen et al., 2009). Severe drought can cause social, economic and environmental 
problems (Tallaksen and van Lanen, 2004), and in e.g. USA, drought is costlier that any 
other natural hazard. Even though drought can occur almost anywhere, arid regions suffer 
more from severe drought. Africa includes countries where economic and technological 
resources are generally limited. This reduces the possibility to mitigate the negative effects 
of natural hazards.  
  
1.1. Background 
Malawi is a young developing African nation. Its commercial focus is on agriculture, and, 
hence, irrigation is important. Malawi has fertile soils, but water scarcity often threatens the 
crops. Because of the country’s dependence on agriculture, water scarcity is one of the 
biggest threats to its economy. Though Malawi is heavily dependent on agriculture and 
hence available water for irrigation, the quality of the meteorological and hydrological 
observation network has been reduced the last 40 years. This is especially true for the 
hydrological observation network. One of the reasons for this reduction is the lack of 
acknowledgement of the value of long data series, and the focus on keeping a good 
operational network has been ignored.  The increase in agriculture, and hence increase in 
irrigation together with population growth, puts a heavy strain on the surface and 
groundwater resources. Thus, water scarcity must be expected to become a more frequent 
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problem even with no climate changes (from Mr. Mapwezera, pers. com., 12.06.09). The 
decline in regional coverage of measuring stations in Malawi from the 1970s and up until 
today is addressed by amongst others Sawunyama and Hughes (2008), Kizza et al. (2009), 
and Ngongondo et al. (2010). In regions like Malawi, where the observational network is 
poor, time series estimated by Global Climate Models or Regional Climate Models might 
prove to be the best basis for meteorological and hydrological analysis. Naturally, this is 
only true as long as the observation network provides data to make satisfactory model 
estimation possible. This thesis is a contribution to the NUFU1
 
 project “Capacity Building in 
Water Sciences for Improved Assessment Management of Water Resources” under Theme 
3: Water resources and hydrological extremes. 
1.2. Review 
There number of studies focuses on drought in Malawi is limited, and most studies are part 
of national and international reports where Malawi is usually just one of many countries 
investigated. 
As most countries in southern Africa are highly dependent on agriculture, the severe 1991-
92 El Niño-related drought triggered a demand for a deeper understanding of the drought 
phenomenon. This caused an increase in studies for development of forecasting techniques. 
Forecasting precipitation in southern Africa by the use of teleconnetion (e.g. El N no-
Southern Oscillation (ENSO) and Southern Oscillation index (SOI)), showed that highest 
predictability was found in the peak summer rainfall months (Mason et al., 1996; Makarau 
and Jury, 1997; Rocha and Simmonds, 1997). However, variations in monthly forecasting 
did not correspond to ENSO (Tennant, 1999). In a local study of Malawi, Jury and 
Mwafulirwa (2002) found a clear correlation between the Malawi Rainfall Index and El 
Ni˜no–southern oscillation (ENSO). Landman and Mason (1999) found that when 
forecasting rainfall in South Africa, the use of only ENSO was insufficient as it does not 
occur every year, and that the sea-surface temperatures (SST) of the adjacent oceans modify 
the ENSO forcing on South African rainfall. Rainfall forecasting using SST has been proven 
                                                 
1 NUFU-project link at UiO’s webpage: http://www.geo.uio.no/watersciences/ 
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useful, where SST variations were associated with seasonal rainfall, especially during austral 
summers (e.g., Landman and Tennant, 2000; Landman et al., 2001; Landman and Goddard, 
2002). High forecasting skills were found by relating rainfall over different areas of South-
Africa to principal components of SST in the Indean, South Atlantic, and Pacific Oceans 
(Mason, 1998). Approximately 70% of the total variance of summer precipitation in 
Zimbabwe was found potentially predictable by using analysis of variance based on two 
components of the climate, namely climate noise (inter-seasonal variability) and signal (any 
variance above the noise) (Unganai and Mason, 2002).  
Previous drought studies in southern Africa and on drought assessment in general, indicates 
that the behaviour of drought in the southern African region is too complex to allow one 
single approach (Tate et al., 2000). Smakhtin et al. (1998) tested 3 different rainfall-runoff 
models in South Africa, and concluded that the efficiency is mainly determined by the 
amount and quality of the available data. Shongwe et al. (2006) showed through 
development of two regression based methods that General Climate Models need to be 
recalibrated at regional scales to improve their adequacy at smaller spatial scales.  
New et al. (2006) found significant trends of increase in temperature across the region of 
southern Africa in the period 1961-2000, but could not find significant trends in 
precipitation. They did, however, report a weak decrease in regionally averaged total 
precipitation, but again this was not statistically significant. On the other hand, they found a 
significant increase in dry spell duration, and regionally averaged daily rainfall intensity. A 
study on catchment rehabilitation and protection program in Malawi, gave no indications of 
any trends of change in precipitation patterns with regard to frequency and volume in the 
period 1960-1999 (InterConsult, 2001). This has later been supported by Ngongondo et al. 
(2010). No trends were found to support the hypothesis that the regime is becoming flashier, 
but this analysis was considered uncertain due to the limited amount of data. It was 
considered probable that the evapo-transpiration regimes have changed (InterConsult, 2001).  
 
1.3. Thesis objectives 
This study has two main objectives: 1) to assess the applicability of modelled precipitation 
data to investigate drought in a data scarce region, Malawi, 2) to compare meteorological 
and hydrological drought in the same region. This study will compare observed precipitation 
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with modelled precipitation series developed by the European Union (FP6) funded 
Integrated WATCH Project (Contract No. 036946). The applicability and usefulness of 
modelled data in drought assessment will be evaluated by comparing precipitation and 
Standardized Precipitation Index series of both modelled and observed data in Malawi. To 
develop a simple method for determining severe meteorological drought at a regionl scale is 
also in focus. The comparison of meteorological and hydrological drought will be used to 
identify drought characteristics, and to investigate the usefulness of precipitation data in 
hydrological drought assessment. 
 
2. Study area 
2.1. Malawi 
Malawi is a small landlocked country located south-east in Africa (~32 - 36˚E, 9 - 17˚S) 
(Figure 2.1). The country has a total area of 118,000 km2, where about 20 % is covered by 
the great Lake Malawi. Malawi has around 15 million inhabitants, where almost 90 % of the 
active workforce contributes to the agricultural productivity. Agriculture represents 38.6 % 
of BNP, and 80 % of the country’s export (Wikipedia, 2010). 
 
Figure 2.1. Location of Malawi (Wikipedia, 2010) 
 
2.2. Climate 
Malawi has a sub-tropic relatively dry climate with a strong seasonal variability. The rainy 
season spans from November through April, and 95% of the annual precipitation occurs in 
this period. The annual average precipitation varies from 725 to 2500mm, and maximum 
annual precipitation occurs along Lake Malawi and in a few distinct areas in the south-east 
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(Figure 2.2). The reason for the high precipitation in these areas is the collision of humid air 
arriving from the east hitting the mountain ridges or transition zones between low and 
highland. The regions with lowest rainfall are found in the western and southern parts of the 
country, where the air coming in already have released most of its humidity in form of 
precipitation. 
 
Figure 2.2. Annual rainfall variability in Malawi (Malawi Meteorological Services, 2006).  
The Inter-Tropical Convergence Zone (ITCZ) is the zone where air from both hemispheres 
converges. This zone is in constant movement and run across Malawi, generally between 
November and March, and is the main contributor to its rainy season (Malawi 
Meteorological Services, 2006). In addition to the rainy season, two other types of 
precipitation are common. The Chiperoni is the Malawian name for cool moist air coming in 
from the south east, bringing overcast conditions with drizzle to several areas in the South of 
Malawi. The Chiperoni can last up to a week, but persists usually only a couple of days 
(Drayton et al., 1980). Strong winds towards the south east, usually occur just before a 
Chiperoni, and these winds are called Mwera. Rainfall is strongly influenced by orography, 
and the highlands and escarpments getting hit by the Mwera’s can receive up to three times 
the annual precipitation of very adjacent areas. This effect is especially noticeable in April 
when the ITCZ is retreating and these areas experience their maximum monthly rainfall, 
while other areas receive only small showers. The movement of inland tropical cyclones 
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from the Indian Ocean also brings occasional heavy downpours, usually between November 
and April (Drayton et al., 1980).  
The winter is generally cool and dry, and lasts from May to August, with mean temperatures 
ranging from 17 to 27˚C. Some isolated areas can experience frost during the winter season. 
September and October represent the hottest and driest months of the year, and mean 
temperatures between 25 and 37˚C are common. The difference in humidity varies from 
50% in the dry season to 87% in the wet season (Malawi Meteorological Services, 2006). 
Annual actual evaporation ranges from 820mm to 1100mm, and the evaporation is higher in 
the lower parts of the country. The high evaporation found in Malawi, and in other very 
warm regions, is the reason why the area is semi-arid even though the total annual 
precipitation is relatively high.   
 
2.3 Hydrology 
The hydrology displays a seasonal pattern similar to that of precipitation. However, the 
hydrology is strongly influenced by Lake Malawi. Six rivers contribute with a mean annual 
inflow to Lake Malawi around 360 m3s-1 (Ngongondo et al., 2010). The lake drains to the 
south by the Shire River, which in turn is flowing into the Zambezi River. The whole of 
Malawi is part of the Zambesi River basin. Lake Malawi is situated at around 474 meters 
above sea level, and has a surface area of 2.8 x 104 km2. It is 550 km long and the width is 
15-80 km (Jury and Mwafulirwa, 2002). The hydrographs of the rivers of Malawi are highly 
seasonal with high flows during the rainy season and low flows during the dry season. 
Rivers downstream Lake Malawi are naturally affected by its massive storage capacity, and 
respond slow to climatic fluctuations. Only 4 - 54% of the annual rainfall is seen as runoff. 
The lowest flows occur at the plateus where the streams either dry up, or become stagnant 
pools for up to six months of the year. Higher flows occur in the highlands, where the 
streams are usually perennial (Drayton et al., 1980). 
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2.4 Topography, Geology and Vegetation 
This section is largely taken from Drayton et al. (1980). Located at the southern end of the 
East African rift valley, the topography of Malawi is strongly dominated by the rift’s 
features, including the most important water reservoir of the region, Lake Malawi (Figure 
2.3). In Figure 2.3 the land borders of Malawi is indicated by the red lines.  
 
 
Figure 2.3. Topography of Malawi and Lake Malawi. The rift includes the large lake and the lower 
elevated southern parts of the country (Wikipedia, 2009). 
 
The topography of Malawi is very varied, but can roughly be divided in to 4 elevation zones 
(Drayton et al., 1980). These are illustrated by the photos in Figure 2.4. They can also be 
recognized from Figure 2.3 where grey areas represents highland, orange represents plateu, 
yellow represents escarpment, and green represents the rift valley zone. 
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(a) Highland                                                         (b) Plateu  
        
 
(c) Escarpment                                               (d) Rift Valley 
          
Figure 2.4. a) Picture from the foot of the Mulanje mountain b) Shows an overview of the Zomba Plateu 
c) The escarpment towards the lower Shire valley d) Downview of the lower Shire valley. 
The vegetation of Malawi can be divided into four main types; forests, shrublands, cropland 
and wetlands. Figure 2.5 illustrates the proportion of each vegetation type as per 1992-93. To 
describe the topography, geology and vegetation one can look at the different elevation 
zones presented by Drayton et al. (1980) separately. 
 
Figure 2.5. Percentage-distribution of the land area of Malawi (EarthTrends,  2003).  
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2.4.1. Highlands 
The highland of Malawi shoots up from the plateus to around 3000 meters above sea level 
(Figure 2.4a). These areas are found mainly in the northern and south eastern parts of the 
country (Figure 2.3). The underlying rocks of the highland are granites, phyllonites, and 
syeno-granites.  
The highlands of Malawi are dominated by valleys of extensive forest relics, with light grass 
and scrubland in between. Between 1500 and 2000 meters above sea level, various grass 
types produce short tufted to densely tangled grass of low ground cover. Above 2000 m.a.s.l. 
the grassland consists mostly of Exotheca species which give a relatively dense ground cover 
up to around 90 cm above the ground (Moyo et al., 1993). 
 
2.4.2. Plateu 
The plateu (Figure 2.4b) is by far the most extensive zone in the country, and varies in 
elevation from 900 to 1200 meters above sea level. The geology of the plateu is dominated 
by old rocks known as the Precambrian Malawi Basement Complex. The plateu features vast 
plains with gentle hills and valleys. Elevation levels of 600-1500 meters above sea level are 
known as the Brachystegia woodlands, as it usually contains several species of Brachystegia. 
The grassland is overshadowed by relatively light crowned trees stretching around 16-19 
metres up in the air. The density of the grass is dependent on the forest density. When the 
trees are cut, the grass becomes more vigorous, and the grass recedes when the trees grow. 
At the plateu one also finds Dambos. Dambos are waterlogged depressions at or near the 
head of a drainage network. The Dambos are easily spotted as they create clear contrasts in 
the landscape from dry woodland, to the rich vegetation that grow on the Dambos 
themselves. The Dambos are important as they function as a water storage contributing to 
the baseflow during the dry season (Roberts, 1988). 
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2.4.3 Escarpment 
The escarpment (Figure 2.4c) describes the transition areas between plateu and rift valley, 
and the topography is dominated by relatively steep slopes down to the valley floor. Faulting 
is also a common feature here. The faulted woodlands feature several species of 
Brachystegia, and the grasses form a low ground cover on broken stony soils. Difficult 
terrain and lack of vegetation coverage in the dry season provide a very limited grazing 
value (Mitchell, 1987). In the lower parts of the escarpment one can find the famous baobab 
trees.  
 
2.4.4. Rift valley 
The rift valley (Figure 2.4d) is the lowest part of the country, and is also the flattest. The 
geology in the rift valley is mostly covered by Quaternary alluvial deposits. These lower 
parts of the country are known as the lower Shire Valley, and along the shores of Lake 
Malawi the vegetation is highly influenced by the local soil. The soils are highly variable 
over small distances due to drift, colluviation, and rainfall differences. This gives a wide 
spectre of flora. The grass species here are typically tall (Mitchell, 1987). 
 
3. Data 
During a field trip conducted in the spring of 2009, several hydrological stations were 
visited, and local observers were inquired. The observers shared knowledge of measuring 
procedures and information about their respective stations, of which several are part of this 
study. In addition, the field trip provided an opportunity to survey the natural features and 
infrastructure of Malawi. 
 
3.1. Obtaining the data 
Malawi is a country where meteorological and hydrological data are scarce. However, 
through several different sources, a relatively broad data set has been obtained for this study. 
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Even though the quality and length of the different data series varied, a total of 23 monthly 
discharge series, 32 monthly rainfall series and a set of modelled monthly precipitation 
series have been compiled. In addition, 22 daily precipitation series were acquired. The 
precipitation data was provided by the Ministry of Irrigation and Water Development of 
Malawi. The discharge data was provided by The Ministry of Irrigation and Water 
Development in Malawi, InterConsult International AS2, and The FRIEND programme 
(Flow Regimes from Experimental and Network Data3
 
). The modelled rainfall series were 
provided by the European Union (FP6) funded Integrated WATCH Project. 
3.2. Precipitation data 
The location of the gauging stations for the 32 observed precipitation series are shown in 
Figure 3.1. The southern part of the country has a higher station density than the northern 
parts (Figure 3.1). 
 
Figure 3.1. Precipitation stations with data used in WATCH-Forcing data estimation (red), and 
validation stations with data (blue) (Wikipedia, 2009). 
                                                 
2 Now COWI AS. http://www.cowi.no/menu/home/Pages/home.aspx 
3 Programme under UNESCO: http://typo38.unesco.org/en/about-ihp/ihp-partners/friend.html 
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An overview of the precipitation stations are given in Table 3.1. Monthly precipitation series 
were used in this study. The stations represent elevation levels from the Lower Shire Valley 
at 76 m.a.s.l., to the highlands at 2286 m.a.s.l., with the length of the data series varying 
from 16 to 41 years.  
 
Table 3.1.  Overview of the precipitation stations ordered according to elevation above sea level (stations 
not used in the estimation of WATCH-Forcing data marked in blue) 
 
Summary statistics, visualized as box plots are shown in Figure 3.2. Overall, the stations 
have a median closer to the 25th percentile than the 75th, indicating skewed distributions with 
tails towards larger precipitation values. Four stations, Chitakali Lujeri, Mimosa and Nkhata 
Bay, exhibit a less profound skewness than the rest. This is mostly because these stations 
experience the highest contribution of the total annual rainfall about 19 %, compared to 
many of the other stations that receive only around 1 % of the annual precipitation, in the dry 
season (Ngongondo et al., 2010). The larger contribution of precipitation in the dry season 
compared to the total is more common in the south-eastern parts of the country. This feature 
is mainly due to the contribution from the Chiperoni (chapter 2). These are also the stations 
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with highest mean annual rainfall (e.g. Lujeri). The box plots, listed from lowest to highest 
elevation, also show that there is no evidence of increased precipitation at higher grounds. It 
is also worth noting that all stations have several observations that likely are outliers or 
possible outliers. The fact that all the stations exhibit this property might not be surprising as 
these series normally are highly skewed.  
  21 
 Figure 3.2.  Boxplots for observed precipitation stations. 
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3.3. Discharge data 
The locations of the 23 daily discharge series are given in Figure 3.3. As for precipitation the 
highest density of stations are in the southern parts of the country. However, together they 
represent well the variation in hydrological regimes throughout the country from large to 
small, and low to high runoff. 
 
Figure 3.3. Shows the location (blue dots) for the 23 discharge stations (stations used for further analysis 
are encircled in black). 
 
Water levels are measured manually at 0800 and 1600 each day, and discharges are then 
calculated using rating curves. Table 3.2 presents the list of discharge stations and their 
period of record, coordinates, catchment area, and percent of missing data before and after 
interpolation. 
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Table 3.2.  Overview of the discharge stations (ordered alphabetical) 
 
The discharge series represent a large range of catchment sizes, such as that of the Shire 
River at Chiromo (149500 km2), to very small catchments like that of Mpamadzi (7 km2). 
The record lengths vary from 12 to 59 years with the percent of data missing varying from 0 
to 36 %.  
 
3.4. Missing data 
The data series collected for this study are of very different length and quality. According to 
a representative from the Ministry of Water Resources of Malawi (Mr. Mapwezera, pers. 
com, 12.06.2009), nearly all automatic runoff- and pan evaporation-stations have been shut 
down due to inadequate funding. Also pan stations measuring evaporation have been closed. 
The reason for the relatively large number of gaps in the hydrological data, is mainly that 
local observers are supposed to get paid on a monthly basis. As most of these observers do 
not have bank accounts, and the technology of the banking system does not allow the wiring 
of money to those who does have an account, the consequences are significant. 
Representatives for the Ministry of Water Resources have to visit each station each month to 
pay the local observers. This is not possible neither considering time or money, and one is 
left with time series with a lot of gaps.  
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The gaps in the daily discharge series were filled in by linear interpolation. As 95 % of all 
rainfall falls within the rainy season between November-April the discharge between May 
and October continuously declines in this period, and linear interpolation is expected to be a 
good approximation of reality. With this in mind, linear interpolation was performed on 
missing data for up to three months in the dry season. In the rainy season interpolation was 
only accepted for a maximum of two weeks. Figure 3.4 shows the percentage of missing data 
before and after interpolation of the discharge series.  
Figure 3.4. Percentage of missing discharge data before and after linear interpolation. 
 
The percentage of missing data was high for many stations, and thus presented a challenge 
for further analysis (Table 3.2 and Figure 3.4).  
For the precipitation series the missing monthly values were estimated using daily data series 
when available. Where no daily observations were available, zero rainfall was applied in the 
dry season, while in the rainy season regression models based on adjacent stations were 
used. For the 32 precipitation stations, a total of 19 wet months were modelled for eight 
stations, and the R^2 value for the regression equations varied between 0.15-0.75. The use of 
zero precipitation for missing values in the dry period and filling gaps with some relatively 
low regression equations was motivated by the need of complete data series to allow the 
Missing data for the runoff series
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statistical analysis. In addition, the number of interpolations (% of missing data) are very 
low and so the consequence of these estimates should they be wrong, are not expected to be 
significantly influential.   
 
3.5. Data selection 
The initial screening of the discharge series revealed that most of the runoff time series were 
of so poor quality, that they could not be used in further analysis. It was therefore decided to 
select seven runoff stations based on the quality and length of the data series, and catchment 
area. Working on both a local and national scale, it was important to have small, medium 
and large catchments to explore the properties of different catchment sizes. The seven 
stations used are presented in Table 3.2. 
Table 3.2. Presents the seven runoff stations chosen for further analysis (ordered after catchment size) 
 
The Mulunguzi River at Zomba plateu is a small river with a drainage area of 18.1 km2. The 
station was visited at the fieldtrip in Jun-09 and is shown in Figure 3.5. The hydrograph 
displays perennial flow, with maximum monthly values occurring in the months March to 
July. Low flows are observed in the months October to January with a minimum usually in 
December. Mean monthly runoff is presented in Figure 3.6. 
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Figure 3.5. The runoff station at Mulunguzi river (picture taken in June 2009). 
 
Figure 3.6. Mean monthly runoff at Mulunguzi river. 
Domasi at Domasi is a runoff station with a small catchment area of 72.8 km2. The station 
was visited at a fieldtrip in Jun-09 and is shown in Figure 3.7. Its hydrograph displays 
persistent flow throughout the year. The maximum values appear in the months March to 
May, while low flows are found in the months of July to January with a minimum usually in 
December. Mean monthly runoff is presented in Figure 3.8. 
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Figure 3.7. The Domasi at runoff station (picture taken in Jun-09). 
 
Figure 3.8. Mean monthly runoff at Domasi. 
 
The Thuchila runoff station has a medium sized drainage basin of 1440 km2. The river has 
run dry in the past, but only under severe dry conditions. High flow values are found in the 
months between December and April, with maximum usually in February. Note that the 
peak flow for Thuchila is earlier than for the other stations, but the reason for this has not 
been identified. Low flows are common from May throughout November, with a minimum 
usually in October. Mean monthly runoff is presented in Figure 3.9.  
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Figure 3.9. Mean monthly runoff at Thuchila. 
Luweya at Zayuka is a station with a medium sized drainage basin of 2320 km2. The stream 
is perennial, and experience maximum flow between February and May, usually with peak 
in April. Low flows are experienced between August and November minimum flow usually 
in October. Mean monthly runoff is presented in Figure 3.10. 
 
Figure 3.10. Mean monthly runoff at Luweya. 
Three stations at different locations of the Shire River were chosen for further analysis. 
Figure 3.11 shows the Shire River at Chikwawa, which is the largest river in Malawi. The 
drainage areas of the 3 stations are large, spanning from 126500 km2 for Shire at Mangochi, 
to 149500 km2 for Shire at Chiromo.  
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Figure 3.11. The Shire River at Chikwawa border (picture taken in Jun-09). 
The station at Mangochi is placed at the outlet of Lake Malawi. The drainage area of Shire at 
Mangochi is 126500 km2 and the mean monthly runoff for the three Shire stations are given 
in Figure 3.12.  
                            
Figure 3.12. Mean monthly runoff for the Shire River at the three measuring points. 
Because of the storage properties of Lake Malawi, Shire at Mangochi features a much less 
variable runoff pattern than the smaller rivers. High flows are observed between March and 
July, while the lowest flows occur in November-December. 
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Shire at Liwonde is located approximately 70 km south of Shire at Mangochi, and has a 
drainage area of 130200 km2. The added drainage area compared to Shire at Mangochi 
includes a relatively large lake, Lake Malombe, with a surface area of around 450 km2. Shire 
at Liwonde has a flow pattern similar to Shire at Mangochi with peak flows between March 
and July, and lowest flows in November-December. Tate and Freeman (2000) found that the 
Base Flow Index (BFI) for Shire at Liwonde was 0.98, meaning that 98% of the runoff 
derives from natural storages (in this case Lake Malawi and Lake Malombe).  
Shire at Chiromo is located around 150km south of Shire at Liwonde, and has a drainage 
area of 149500 km2. The seasonal variation in runoff pattern is much more visible here than 
for Shire at Mangochi and Liwonde. Shire at Chiromo has highest flow from February 
through May, with peak flow typically in March. The lowest flows are found between 
September and November.  
As should be noted from Table 3.2 and Figure 3.12 Shire at Liwonde has consistently lower 
(113 m3/s on annual average) runoff than Shire at Mangochi even though the station is 
located downstream. Downstream Shire at Mangochi, the river spreads over a shallow and 
long (30 km) floodplain, Lake Malombe. The river meanders along a flat gradient until it 
reaches a new floodplain close to Liwonde. The two floodplains attenuate the Shire River 
and causes high evaporation (2000mm ++ on annual basis) in between Shire at Mangochi 
and Shire at Liwonde, leading to the lower runoff at the downstream station (Beilfuss and 
Santos, 2001). Shire at Chiromo displays mean annual runoff similar to Shire at Mangochi. 
The added water compared to Shire at Liwonde comes from the added catchment area 
(18,240 km2), including the drainage from most of the Milange Mountain where annual 
rainfall is high (1702mm) (Beilfuss and Santos, 2001).   
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3.6. WATCH-Forcing data 
The WATCH (WATer and global CHange) project provided the modelled precipitation data 
used in this study. The WATCH-Forcing data (WFD) are products of a global climate model 
operating on a grid scale of 50 x 50km. Details on the estimation and basis of the WATCH-
Forcing data can be found in Weedon et al.(2010). Grid cells covering the observed 
precipitation stations discussed in section 3.2 were selected for comparison. A list of the 
cells with area coordinates is given in Table 3.3. The coordinates of each cell represents the 
center of the cell, and the cell covers a quarter of a degree in each direction from its center. 
Table 3.3. Coordinates and elevation for the modelled WATCH-Forcing data cells that contain the 
gauging stations for the observed precipitation series 
 
WFD covers the period 1958-2001, and each cell represents an area where elevation and 
precipitation are considered the same throughout the cell. The data set is constructed to give 
the correct grid-box monthly total precipitation for every cell, and must therefore be 
expected to not be able to capture potentially large variations in precipitation totals at scales 
of very small river catchments (much smaller than a grid size approx. 50x50 km). The time 
series have been corrected for undercatch, following Weedon et al. (2010). As one of the 
objectives of this thesis is to explore the validity and usefulness of these modelled data it 
was crucial to know which observed precipitation stations that had been used in the 
estimation of the WATCH-Forcing data. A list of all the precipitation stations used in the 
WFD estimation for Malawi can be found in Appendix I. Of the 32 observed precipitation 
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series used in this study, four (Lujeri, Chanco, Mkanda and Nyika) were not used in the 
estimation of the WFD.  
 
4. Methods 
A comparison of the WFD and observed precipitation (OP) was performed by comparing, 
with scatter plots, the mean precipitation and coefficient of variation for the two. Correlation 
between OP and modelled precipitation for the cell that contained the coordinates for each 
respective gauging station were calculated. To be certain that the connections found was not 
just because most of these data were applied in the estimation of WFD, four of the 
precipitation series at hand (Lujeri, Chanco, Mkanda and Nyika), that had nothing to do with 
the estimation of the modelled WFD, were considered to be validation stations. 
Consequently, it was important to check how these four stations compared to the rest. 
The Standardized Precipitation Index (SPI) was calculated for all times series, both observed 
and modelled, with averaging intervals 1, 3, 6, 12, 24, and 48 months. The same correlation 
comparison as done for rainfall was repeated for the SPI series. The SPI series are referred to 
as SPI 1, for SPI series with one month averaging intervals, SPI 3, for SPI series with three 
months averaging intervals and so on. This implies that the SPI 12 value for August 1992, 
describes how dry or wet the period from September 1991 to August 1992 was compared to 
all other September to August periods. In particular, the correlation between modelled and 
observed SPI 6 for the April values was calculated. The April values of the SPI 6, represents 
the relative dryness/wetness of the rainy season every year, which is an interesting quantity 
in a strong seasonal climate as Malawi. On average, 95 % of the annual precipitation falls 
within the rainy season. The April value of SPI 6 provides information on whether more or 
less water was available compared to a normal year. The usefulness of investigating dry and 
wet seasons separately in highly seasonal climates is recognized in amongst others Fleig et 
al. (2006).   
A simple method, the Regional Drought Index, was introduced for assessing severe 
historical droughts on a national scale. The method is elaborated in the section 4.4. An 
example of spatial mapping by the use of SPI, was performed on one of the severe droughts 
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identified. SPI 1, SPI 12, and SPI 48 were used as examples to see how the spatial severity 
variation behaves with the use of different averaging intervals.  
Standardized Runoff Index (SRI) was calculated for seven runoff stations, with the same 
averaging intervals as for precipitation. SPI from WFD and SRI series were then compared. 
For catchments with a drainage area smaller than the size of a WFD cell (2500 km2), SRI 1 
(SRI with 1 month averaging interval) was compared with the SPI series of all intervals for 
the WFD cell containing the runoff station. The comparison provides information about the 
response time of the catchment. For the three Shire river stations, comparing the SRI values 
with the precipitation series of a single cell would not be very meaningful due to the large 
catchment areas. To have a way to compare SPI and SRI for these stations, a crude drainage 
area was estimated by the use of a topographical map. The sum of SPI values from the WFD 
cells within the drainage area was then compared with the SRI for each of the Shire stations. 
After identifying the response time of the different runoff stations, SPI (x) and SRI (x) (with 
x being the averaging interval yielding highest correlation) were compared to see whether 
SPI could be expected to provide information on streamflow characteristics.   
  
4.1. Choosing Indices 
To decide what type of drought indices to apply for this study, the following three criteria in 
prioritized order were 1) purpose of the study, 2) hydrological regime, 3) data availability. 
Choice of meteorological and hydrological drought indices is discussed separately below. 
Descriptions of numerous meteorological drought indices are described in amongst others 
Keyantash and Dracup (2002), Heim Jr (2002) and Hayes (2006). After being introduced in 
1965 (Palmer, 1965), the Palmer Drought Severity Index (PDSI) became a popular index to 
use in meteorological drought monitoring. However, the PDSI is relatively complex to 
calculate, and requires data for temperature, precipitation, and available water content of the 
soil. The available data for this study was mainly precipitation series, and so a method based 
solely on this quantity was desirable. From Keyantash and Dracup (2002), Heim Jr (2002), 
and Hayes (2006) methods that satisfied this criterion were Percent of Normal, Standardized 
Precipitation Index (SPI), Deciles, Drought Area Index, and Rainfall Anomaly Index. These 
indices were compared in Keyantash and Dracup (2002), and Deciles and SPI scored 
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highest. SPI was chosen for use in this study. SPI is currently also the first choice of the 
National Drought Mitigation Center and Western Regional Climate Center in the US 
(Keyantash and Dracup, 2002). There are several pros and cons for the use of SPI mentioned 
in the 3 papers mentioned above. Pros include that, it is a very simple method based only on 
precipitation, it is usable at any time scale, it can be used universally at any location, and that 
it can provide early warnings of drought. Cons include the fact that values based on 
preliminary data may change, and that due to the characteristics associated with the normal 
distribution, severe and extreme droughts measured by SPI occur with the same frequency at 
all locations. This means that SPI cannot identify regions that may be more prone to drought 
than others. In addition, the use of SPI requires knowledge about the climatological features 
of the area (Hayes et al, 1999). In highly seasonal precipitation regimes, small deviations 
from normal can give huge impacts on the SPI. For example, in Malawi the dry season, 
May-October, usually experience no or very little rain, and so low precipitation totals are 
normal. As a consequence of this, relatively small anomalies in the dry season can produce 
large SPI values. Wu et al. (2005), show how the effect of the length of record does not 
influence the outcome of the SPI calculations if the gamma distributions of the different 
lengths of record are similar. However, when the distributions are different the SPI values 
are significantly discrepant. Data records longer than 30 years are recommended for the SPI 
calculations (Hayes et al., 1999). 
 
As a comparison of meteorological and hydrological data was desired in this study, there 
was also a need for a tool to analyse the discharge data. Several hydrological drought indices 
are discussed in Hisdal et al. (2004), finding close relationships between many of these 
indices. However, for this study it was important to find an index that was comparable to the 
SPI. The Standardized Runoff Index (SRI) has in recent time proven to be a useful 
complement to SPI to view the hydrological aspects of drought (Shukla and Wood, 2008), 
and was applied on the discharge data. McKee et al. (1993) suggests that the gamma 
distribution can be used not only for monthly precipitations series, but also other drought 
variables as for example streamflow. Shukla and Wood (2008) and Wood (2008) confirms 
the use of the Gamma distribution in use for calculating SRI, but suggest that other 
distributions like the 3-parameter log-normal, and Generalized Extreme Value distribution 
may be as good for runoff. However, they speculate that the Gamma distributions might be 
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best for low runoff values, whereas the log-normal perform better on high extremes. Aksoy 
(1999) found that the gamma distribution fitted well to describe monthly values for both 
precipitation and runoff in Istanbul. Keskin and Sorman (2010) found a correlation between 
SPI 12 and SRI 12 of 0.6 for the Çamlidere Dam basin in Turkey with a lag time of 1-2 
months. The lag time must be expected to vary according to water storages and basin sizes. 
 4.2. Standardized Precipitation Index    
A relatively new way of monitoring drought was presented by McKee et al. (1993). The idea 
was, in a simple way, to establish an indicator for drought that would provide information of 
several aspects of drought including: precipitation deficit, drought severity probability, and 
drought duration.  
The definition of drought for this method is based on standardized precipitation. That is, 
precipitation for a specified period of time subtracted by the mean, and divided by the 
standard deviation. The mean and standard deviation is calculated for the historical 
measurements. Even though the standardized precipitation can not be expected to be 
normally distributed for short periods of time such as less than a year, this obstacle can be 
overcome through transformations. With a normally distributed standardized monthly data 
set, the data will be linearly proportional to the precipitation deficit, and allows the 
specification of probability, percent of average, and accumulated precipitation deficit.  
Thom (1966) found that precipitation series are well described by the gamma distribution. 
The gamma distribution is defined by its probability density function: 
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where: 
           α > 0                                    is the shape parameter                                                     
           β > 0                                    is the scale parameter                                                      
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The calculation of SPI involves fitting a gamma probability density function to the given 
frequency distribution of the precipitation of a station. The parameters α and β are estimated 
for each station, for every timescale of interest (1, 3, 6, 12, 24, 48), and for each month of 
the year. To estimate the parameters, maximum likelihood was suggested by Thom (1966): 
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After estimating the parameters, the cumulative probability for an observed event for a given 
precipitation event, in a given month, on a given timescale for the station in question can be 
calculated. The cumulative probability is then given by: 
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xt  in to (4.5) we get the incomplete gamma function: 
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As equation (4.6) is not defined for x = 0, and precipitation series often contain zeros, the 
cumulative probability becomes: 
 
                                                         H(x) = q+(1-q)H(x)                                                    (4.7) 
where q is the probability of zero value.  
 
Letting m be the number of zero values out of the n precipitation observations, Thom (1966) 
states that q can be estimated by m/n. 
  The cumulative probability, H(x), is then transformed to the standard normal random 
variable, Z, with mean value of 0, and standard deviation 1, which is the value of the SPI.  
The SPI value represents the number of standard deviations from the historical mean the 
precipitation total in question lies. It should be noted that this may not be exactly true for 
short time scales, since the original precipitation distribution is skewed (Colorado Climate 
Center, 2010). McKee et al. (1993) defined the following intervals for the severity of a 
drought through the SPI (Table 4.1).  
Table 4.1. SPI values and corresponding drought category (McKee et al., 1995) 
SPI value Drought Category 
0 to -0.99 Mild Drought 
-1.00 to -1.49 Moderate Drought 
-1.50 to -1.99 Severe Drought 
≤ -2.00 Extreme Drought 
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For short time scales (i = 3 or 6) the droughts are more frequent and shorter, while longer 
time scales give fewer but longer droughts as the SPI responds slower to precipitation 
anomalies. In this study, averaging intervals used in calculation of the SPI series are 1, 3, 6, 
12, 24, and 48 months. The reason for this choice of time scales was the possibility to 
investigate droughts on all scales from quick to slow responding systems.  
 
4.3. Standardized Runoff Index 
McGee et al. (1993) introduced SPI , and suggested that the method could be applied to 
other variables connected to drought such as runoff or reservoir contents. The calculation of 
the Standardized Runoff Index (SRI) is identical to the calculation of SPI, and the reader is 
referred to the SPI section above for the description. As suggested by McGee (1993) and 
Shukla and Wood (2008), the gamma distribution is expected to perform well for low flows, 
and was chosen for the calculation of SRI. The same abbreviation for the SRI series that was 
introduced for SPI will be applied (e.g. SRI 1 will refer to the SRI series with 1 month 
averaging interval).  
 
4.4. Regional Drought Index 
Using the SPI to define drought for a time series, has been proven in literature to be a very 
handy tool (e.g., Keyantash and Dracup, 2002; Heim Jr, 2002; Hayes, 2006). However, when 
investigating regional aspects of drought, SPI must be combined with an ability to recognize 
the spatial extent and patterns of the drought. As the WATCH-Forcing data consist of 
gridded time series, a method that can look at the region as a unity needs to be introduced. 
The Regional Drought Index (RDI) works as follows:  
Introducing Ci (t) = SPI value of cell number i for time point t,                                                           
where:  
i = 1, 2 ,3, ……., n                
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n = number of gridded cells in the area under investigation 
t = time point  
d = SPI threshold defining severe drought 
For all t’s of Ci, a logical test is performed to produce a drought series, Di(t),                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
                                                   Di(t) =          1 if Ci(t) < d                                                 (4.8) 
                                                                        0 if not 
Di then becomes a series consisting of 1s and 0s. Performing this calculation for all values of 
i, one is left with n drought series. The Regional Drought Index (RDI) for a given time point 
t, is then found by  
                                                   RDI(t) =       ( ))((1
1
∑
=
n
i
i tDn
)                                              (4.9) 
RDI(t) is the proportion of cells at time point t that experience precipitation anomaly below 
the threshold d. The time series, RDI(t), shows the time development in severe regional 
drought throughout the record of data. The method identifies several drought features, as it 
provides information of both drought severity (threshold), spatial extent (number of cells), 
and for longer averaging intervals implicit a measure of duration. 
The threshold defined by McGee et al. (1993) for extreme drought (d = -2) was found to be 
the most appropriate in this study, but calculations were also performed for d = -1, d = -1.5 
and d = -3 (Figures given in Appendix II). In this study, Malawi has been represented by 119 
cells (n = 119), and the period of time with data is from January-58 – December-01 (t = Jan-
58, Feb-58, ……, Dec-01). After identifying severe historical droughts by the use of RDI, 
the spatial development of one drought is visualized by plotting the SPI values of the cells 
on a gridded map with a colour scale (blue is wet and red is dry). The maps show the 
drought conditions every three months for a 22 month period. The 22 month period was 
selected due to the duration of the drought under investigation. 
 
 
  40 
4.5. Software 
To calculate the SPI and SRI from the different data series, the program SPI SL 6 was 
applied. The software is developed by the National Drought Mitigation Center (NDMC) 
based in the School of Natural Resources at the University of Nebraska-Lincoln, US, and is 
freely available from their homepage http://drought.unl.edu/index.htm.  
 
5. Results 
This chapter starts by comparing modelled and observed monthly precipitation, and the SPI 
series calculated from these series. The identification of historical droughts by the use of the 
RDI is then performed on different time scales, where one drought is selected for an example 
on how to visualize spatial development and decay. SPI and SRI are compared by correlation 
to explore response time of different catchment sizes. By plotting SPI vs SRI an attempt to 
see whether meteorological anomalies can be expected to provide information on streamflow 
is made.  
 
5.1. Comparing modelled and observed precipitation 
Figure 5.1 shows rainfall variation for observed and modelled monthly precipitation (a), 
scatter plots of mean precipitation (b) and coefficient of variation (c) for the stations and 
cells that are compared. The comparison in Figure 5.1a shows that there is generally a good 
agreement in mean monthly precipitation, and that the coefficient of variation is equal or 
higher in the observed time series for almost all stations. Figure 5.1b, however, shows that 
the WFD tends to overestimate low precipitation means, and underestimate higher 
precipitation means. The largest difference between observed and modelled precipitation 
was found for the Lujeri gauging station, where observed mean monthly rainfall is 192 mm 
compared to 116 mm for the corresponding cell.  
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a)  
b)  
c)                        
Figure 5.1. Rainfall variation for observed and modelled data(a), scatter plots of observed and modelled 
precipitation (b), and coefficient of variation (c). The pink line in the scatter plots is the 1 : 1 relationship. 
 
Four of the 32 observed precipitation time series (Lujeri, Chanco, Mkanda and Nyika) were 
not applied in the estimation of the WFD. The spatial distribution of the gauging stations is 
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given in Figure 3.1. The stations are located in different parts of the country and represent 
different elevation and geographical zones of Malawi. The total elevation span of the 28 
stations used in estimation of WFD is from 52 to 1632 m.a.s.l., while the span of the four 
validation stations is from 652 to 2286 m.a.s.l. 
The correlation of the SPI results are listed in Table 5.1 and shown in Figure 5.2.  
Table 5.1.  Correlation found between observed and modelled rainfall and their calculated SPI series 
(validation stations marked in blue) 
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Figure 5.2. Correlation between modelled and observed rainfall and SPI series. 
 
For the monthly precipitation series, correlation varied between 0.67 for Lujeri to 0.97 for 
Kasungu, with an average correlation for all 32 stations of 0.86. Average correlation in 
monthly precipitation for the four validation stations was 0.82. From the SPI comparisons, 
the results yielded an average correlation of 0.7 for all 32 stations for the SPI 12, SPI 24, SPI 
48 and SPI 6 April, with correlations varying from 0.26 (SPI 3 Makhanga) to 0.96 (SPI 48 
Chichiri). For the four validation series similar results were found although the correlation 
was lower (~0.6). 
 
5.2. Historical droughts 
To detect historical droughts, the Regional Drought Index was applied on all the different 
averaging intervals, and the results for SPI 1 are given in Figure 5.3.        
Figure 5.3. Percent of dry cells for SPI 1 (threshold = -2). 
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Figure 5.4. Percent of dry cells for SPI 6 (threshold = -2). 
 
Figure 5.5. Percent of dry cells for SPI 6 April (threshold = -2). 
 
Figure 5.6. Percent of dry cells for SPI 12 (threshold = -2). 
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Figure 5.7. Percent of dry cells for SPI 24 (threshold = -2). 
 
Figure 5.8. Percent of dry cells for SPI 48 (threshold = -2). 
SPI 1 represents month per month deviations from historical mean. In Figure 5.3 two short 
droughts are clearly seen: February-March 1992, and December 1993 – January 1994. In 
February 1992, 52% of all the 119 cells of Malawi registered a SPI lower than -2, and in 
December 1993, 49% of all cells exhibited severe drought.  
The number of dry cells in the SPI 6 series is given in Figure 5.4. The Figure shows that the 
driest six month period on record is found for August 1995 where 34 % of all cells 
experienced severe drought. It is worth noting that the three most severe droughts on record 
are for 1992, 1994, and 1995. All these three droughts are here separate events. 
Figure 5.5 shows percentage of total number of cells exhibiting drought with using only the 
April values of SPI 6. Figure 5.5 gives a good overview of the annual total precipitation 
relative to its historical record. As noted in Figure 5.4, the worst drought occurred in the 
rainy season of 1994-1995, with other very dry years in the 1991-1992, and 1999-2000 
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seasons. Periods that are normally dry, including months of the dry season, or periods 
involving combinations of dry and wet months are excluded from Figure 5.5. As the dry 
season of Malawi generally experience no or limited precipitation, their contribution to water 
storages, and rivers are small. An example illustrates this. Figure 5.4 shows that a relatively 
severe drought occurs in September of 1964. The SPI 6 value of September 1964 represents 
the precipitation of April-September of 1964, compared to the mean April-September period 
for the historical record at hand. However, of the total annual precipitation, the six months 
represent only 7 % of the annual precipitation. Of these 7 %, 54 % of the precipitation fell in 
April, and thus is accounted for in Figure 5.5.  
The SPI 12 series (Figure 5.6) shows that the severe droughts are becoming fewer, more 
distinct and longer in duration. From Figure 5.6, one can observe that there are two droughts 
that are more pronounced than the rest. The most severe peak is found in November 1995, 
where 31 % of the cells had SPI values lower than -2. More than 10 % of the cells 
experienced a SPI value less than -2 from September 1994 to January 1996. Note that the 
droughts from Figure 5.5 in 1994 and 1995, now have merged. The second most severe 
drought in Figure 5.6, is the one of 1992. This drought peaks in April 1992 with 24 % of the 
cells having SPI values lower than -2, and more than 10 % of the cells experienced severe 
drought from February 1992 to January 1993.  
The SPI 24 series are given in Figure 5.7. The figure shows that the difference between the 
most severe droughts, that is those of 1992 and 1994-95, are now even more distinct than for 
SPI 12. The peak of the 1994-95 drought, is November 1995 as it was for SPI 12, but as 
much as 50 % of the cells now yield SPI values lower than -2. The massive lack of 
precipitation experienced in 1992, influence the SPI 24 values of 1993, and so several cells 
yield SPI values indicating severe drought for all months in 1993.1993, however, had more 
precipitation than the historical mean, and so this illustrates how the longer averaging 
intervals make the droughts fewer but longer in duration.  
The longest averaging interval used in this study was 48 months (four years), and the results 
are shown in Figure 5.8. For SPI 48, the 1992 and 1994-95 droughts are merged into one 
long event. The peak of the drought is found in November 1995 where 61 % of the cells 
yield severe drought (SPI lower than -2). Throughout the period November 1993 to February 
1996, more than 10 % of the cells reveal SPI values lower than -2.   
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Another way of illustrating drought on a national scale is to use the sum of the SPI values of 
the WFD cells. An example is given in Figure 5.9. In Figure 5.9 each colour bar represents 
the conditions for one date for all of Malawi. The mean of SPI 24 values of all the 119 cells 
were calculated and classified according to the severity as follows: A sum less than 0, 
implies that the 119 cells (all of Malawi) on average has a SPI value lower than zero, and is 
considered dry. SPI values between zero and -1.5, drier than normal conditions are shown by 
yellow. SPI values between -1.5 and -2, is defined as moderate drought shown by orange. 
Lower than -2 is considered severe drought shown by red. The threshold of a mean value of -
2 is too low for any severe events to be identified from Figure 2.1., but was used to show 
consistency throughout the study regarding the definition of severe drought. Using other 
colour intervals for these types of plots will prove more useful. Note that this type of plot 
can be applied on all time scales, and SPI 24 was only chosen as an example. 
 
Figure 5.9.  Standardized SPI 24 for all WFD cells of Malawi Yellow = 0 to -1.5, Orange = -1.5 to -2, 
Purple = < -2). 
 
5.3. Spatial mapping of historical events 
Accepting the WFD to satisfactory represent the true underlying precipitation, the modelled 
precipitation provides an excellent basis for spatial mapping of drought. Providing perfect 
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data series for all parts of the country gives the opportunity to, on a resolution of 
approximately 50 km x 50 km, investigate the development and decay of historical droughts. 
To illustrate how one can map a drought with the use of SPI, one of the worst droughts in 
Malawian recent history will be used as an example, i.e. the 1994-95 drought.  
Figure 5.10 shows monthly snap shots for the period May 1994 through February 1996, with 
three months intervals. Note that the plot only represents the land borders of Malawi and so 
the area of Lake Malawi is not present. 
Figure 5.10. Mapping the 1994-95 drought on a national scale by the use of SPI 1 (the colourscale 
represents the SPI values for each respective cell, and is located next to the snap shot of May.94). 
 
As can be readily seen from Figure 5.10, May 1994 was a relatively dry month in all of 
Malawi except two cells far in the north. However, this would not by itself cause a drought 
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alert as May generally has little precipitation, and so the water deficit volume would not be 
expected to be critically large. August 1994 and 1995 were both wetter than their historical 
mean, however August is usually very dry and so even a small amount of precipitation will 
be presented as wet compared to the historical mean, without this causing any substantial 
contribution to rivers, and storages. November 1994 reveals the driest condition of all the 
months presented in Figure 5.10 and, as November is part of the rainy season the shortage of 
rainfall would here be very severe. This is especially true for the southern half of the country 
where all cells exhibit SPI values lower than -0.5, and many cells lower than -2. Moving 
three months ahead to February 1995, one can observe that even though the northern parts of 
Malawi exhibit some wet cells, the whole southern half of the country is still considerably 
drier than normal, and the total deficit of precipitation during the rainy season of 1994-95 
was critical. At the start of the rainy season the following year, November 1995 was, as 
mentioned earlier, drier than normal in a vast majority of the cells, but in February 1996 all 
cells receive more precipitation than regular and storage replenishment could slowly begin.  
As discussed in previous sections, the longer averaging interval, the more dampened the SPI 
series shift, as subsequent months’ SPI values include the precipitation from the previous 
months. So, unlike what was observed in Figure 5.10, where all cells can completely switch 
from i.e. dry in November 1995 to wet in February 1996, the transitions are much smoother. 
Figure 5.11 shows the drought course from May 1994 to February 1996 using SPI 12. May 
1994 exhibits dry conditions throughout the country, with the most severe deficits in the 
south and upper northern parts. Some wet areas are found over the northern parts of Lake 
Malawi. In August and November 1994, SPI values vary between 0 and -2.3. Moving on to 
February 1995 severe drought is still experienced in the south, but the severity is reduced in 
the north. Northern parts of Lake Malawi are still relatively wet. The decreasing drought 
severity in northern Malawi continues until November 1995, while the southern parts remain 
to be dry. In this period however, the wet cells of the northern Lake Malawi experience 
decrease SPI values. The plot of February 1996 shows that the severity of the southern parts 
is slowly decreasing, although it should be noted that most of the country is still drier than 
normal.   
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Figure 5.11. Mapping the 1994-95 drought on a national scale by the use of SPI 12 (the colourscale 
represents the SPI values for each respective cell, and is located next to the snap shot of May.94). 
 
SPI for the longest averaging interval, 48 months, is shown in Figure 5.12. The SPI 48 is 
valuable when investigating drought on systems that respond very slowly (e.g., large lakes). 
The figure shows that most of the cells in the region are relatively dry (SPI values between -
1 and -2) in May 1994, with some exceptions in the upper middle part of the country. As 
mentioned for SPI 12, the longer the averaging interval, the slower the SPI value will 
change, and the picture seen for May 1994 is very similar until May 1995. At this point, the 
south of Malawi and some of the north-eastern parts of Lake Malawi exhibit more severe 
drought. The three cells in the upper middle part are still not experiencing negative SPI 
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values. The map for November 1995, yielded the most severe drought throughout the period. 
Again the most severe cases are found in the south and for some cells over the north east of 
Lake Malawi, where the SPI values reach -3. In February 1996, the SPI values are less 
severe throughout the region. 
Figure 5.12. Mapping the 1994-95 drought on a national scale by the use of SPI 48 (the colourscale 
represents the SPI values for each respective cell, and is located next to the snap shot of May.94). 
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5.4. Comparing meteorological droughts (SPI) with SRI 
To compare meteorological and hydrological drought, seven discharge stations representing 
all catchment sizes of Malawi were investigated (chapter 3). For each runoff station, the 
corresponding precipitation series were chosen (chapter 4). The intention was to see whether 
SPI calculations can be expected to be able to characterize streamflow and, if so, if it was 
possible to say something about the response time of the river. Table 5.2 shows the 
correlation between SRI 1 and SPI (x) (x = 1, 3, 6, 12, 24, 48). The table shows that for 
Mulunguzi there was no correlation on any time scales. For the other stations however, it is 
observed that as the catchment areas increase, so does the time scale for the highest 
correlation. The three stations measuring the Shire River exhibited very similar patterns for 
all time scales, and highest correlation was found for Shire at Mangochi between SRI 1 and 
SPI 48. The highest correlation in Table 5.2 for each station was used as basis to investigate 
the relationship between SPI (x) and SRI (x).  
Table 5.2. Correlation between SRI 1 and SPI 1, SPI 3, SPI 6, SPI 12, SPI 24 and SPI 48 for the seven 
runoff stations listed according to catchment size (red shows lowest and green show highest correlation 
for each station) 
 
 
5.4.1. Smaller river catchments 
The four runoff stations investigated in this section, all have catchment areas smaller than 
one WFD cell (2500 km2). 
The first station under investigation was Mulunguzi at Zomba Plateu. Of the six different 
averaging intervals applied, neither provided a good agreement between SPI and SRI. Being 
a very small catchment, the response time was expected to be short. The “best” correlation 
was found for SRI 1 vs SPI 3, and SRI 3 vs SPI 3 is given in Figure 5.13. The figures for the 
other averaging intervals are given in Appendix III. 
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Figure 5.13. Comparison of SRI 3 for Mulunguzi and SPI 3 of for the WFD-cell containing its drainage 
area. 
 
The next station investigated was Domasi at Domasi. Table 5.2 shows that SRI 1 vs SPI 12 
gave highest correlation. Comparing the SPI 12and SRI 12 series there was no indication of 
good coherence between the two series. However, most of the peaks and pits of the SRI 
seem to lag a couple of months after the peaks and pits of the SPI (Figure 5.14). As seen 
from the Figure 5.14 it is evident that there are several exceptions to this pattern. The other 
SRI vs SPI plots for Domasi, can be found in Appendix III. 
Figure 5.14. Comparison of SRI 12 for Domasi and SPI 12 for the WFD-cell containing its drainage area. 
 
For Thuchila at Chonde, Table 5.2 shows that SRI 1 vs SPI 6 gave highest correlation. 
Figure 5.15 shows the plot of SRI 6 and SPI 6, and although several peaks and pits are 
recognized, the exceptions are many. The rest of the plots for Thuchila are presented in 
Appendix III.  
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Figure 5.15. Comparison of SRI 6 for Thuchila and SPI 6 of for the WFD-cell containing its drainage 
area. 
 
For Luweya at Zayuka, the highest correlation was found between SRI 1 and SPI 12. Figure 
5.16 shows SRI 12 vs SPI 12, and there is a clear relation between the two series. The SRI 
12 lagged approximately two months behind the SPI 12. The plots of the other averaging 
intervals for Luweya, are found in Appendix III.  
Figure 5.16. Comparison of SRI 12 for Luweya and SPI 12 of for the WFD-cell containing its drainage 
area. 
 
5.4.2. Downstream catchments 
The following three stations are all measuring the runoff in the Shire River that drains Lake 
Malawi. These stations have large drainage basins, and the SRI’s were instead compared 
with the sum of SPI values from the cells constituting the drainage area of the respective 
station (chapter 4). To illustrate how these three stations have behaved historically, their 
streamflows are plotted in Figure 5.17. 
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-3
-2
-1
0
1
2
3
4
D
ec
-6
1
D
ec
-6
2
D
ec
-6
3
D
ec
-6
4
D
ec
-6
5
D
ec
-6
6
D
ec
-6
7
D
ec
-6
8
D
ec
-6
9
D
ec
-7
0
D
ec
-7
1
D
ec
-7
2
D
ec
-7
3
D
ec
-7
4
D
ec
-7
5
D
ec
-7
6
D
ec
-7
7
D
ec
-7
8
D
ec
-7
9
D
ec
-8
0
D
ec
-8
1
D
ec
-8
2
D
ec
-8
3
D
ec
-8
4
D
ec
-8
5
D
ec
-8
6
D
ec
-8
7
D
ec
-8
8
D
ec
-8
9
Time
SP
I(S
RI
)
SRI6
SPI6
SRI vs SPI Luweya (12 months)
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
3
D
ec
-6
1
D
ec
-6
2
D
ec
-6
3
D
ec
-6
4
D
ec
-6
5
D
ec
-6
6
D
ec
-6
7
D
ec
-6
8
D
ec
-6
9
D
ec
-7
0
D
ec
-7
1
D
ec
-7
2
D
ec
-7
3
D
ec
-7
4
D
ec
-7
5
D
ec
-7
6
D
ec
-7
7
D
ec
-7
8
D
ec
-7
9
D
ec
-8
0
D
ec
-8
1
D
ec
-8
2
D
ec
-8
3
D
ec
-8
4
D
ec
-8
5
D
ec
-8
6
D
ec
-8
7
D
ec
-8
8
D
ec
-8
9
D
ec
-9
0
Time
SP
I(S
RI
)
SRI12
SPI12
  55 
Figure 5.17. Runoff series for the three Shire stations used in the study.  
 
Their relationship is obvious with a few exceptions. A very large increase in runoff is 
observed for Shire at Chiromo in 1984 that is not registered at the other stations. Also, in the 
period 1992 - 2000 there are hardly any variations in runoff registered for Liwonde and 
Chiromo, while Mangochi continues to display a distinct seasonal pattern.  
The first of the Shire stations is Shire at Mangochi. The drainage area for the Shire River at 
Mangochi is 126500 km2, and the station is located just a few kilometres south of the tip of 
Lake Malawi. From Table 5.2 one finds that the highest correlation was between SRI 1 and 
SPI 48. Figure 5.18 shows the relationship between SRI 48 and SPI 48 for Shire at 
Mangochi. From the figure, one can observe how the relative precipitation deficits and 
excesses of the region constantly are closely followed by a change in runoff.  Also it is worth 
noting that the response time has drastically increased from the small catchments viewed 
earlier. The plots for SRI and SPI 12 and 24 are given in Appendix III. 
Figure 5.18. Comparison of SRI 48 for Shire at Mangochi. 
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Figure 5.19. Comparison of SRI 48 for Shire at Liwonde. 
 
Figure 5.20. Comparison of SRI 48 for Shire at Chiromo. 
 
Shire at Liwonde is located approximately 70 km south of Shire at Mangochi, and the station 
has a drainage area of 130200 km2. As for Shire at Mangochi, the highest correlation was 
found between SRI 1 and SPI 48. The relationship is presented in Figure 5.19. Both Shire at 
Mangochi and Shire at Liwonde exhibit their lowest SRI values in 1998, but Liwonde has 
steady low values from August-94 whereas Mangochi projects a steady decline from 
August-94 to the middle of 1998. The steady low SPI value for Shire at Liwonde from 
August-94 is also clearly recognized in runoff in Figure 5.17. Plots for SRI/SPI 12 and 24 
are given in Appendix III. 
The last station explored is Shire at Chiromo. The station has a drainage area of 149500 km2. 
As for the other two stations, the correlation was highest between SRI 1 and SPI 48. Figure 
5.20 displays the relationship between SRI 48 and SPI 48. The SPI series reaches it 
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minimum value in January-96, while the SRI series has its lowest SRI of -2.5 in January-98. 
The results for the 12 and 24 months averaging interval is given in Appendix III. 
Figure 5.21 shows the mean SPI 48 value of all cells within the Shire at Chiromo drainage 
basin. The colour scale is determined as follows. A sum less than 0, implies that the 53 cells 
(drainage area) on average has a SPI value lower than zero, and is considered dry. Between 
zero and -1.5, drier than normal conditions is shown by yellow. Between -1.5 and -2, is 
defined as moderate drought shown by orange. Lower than -2 is considered severe drought 
and are shown in purple. From Figure 5.20 we can observe long periods of dry conditions in 
the late 1960s and early 1970s. Also the mid 1980s reveal drier than normal conditions. 
From 1992 until 1998, the conditions go from dry in 1992, to moderate drought throughout 
1994. Normal or wetter conditions are experienced after November-98, with moderate 
drought reoccurring in 2000.  
 
Figure 5.21.  Mean SPI 48 for all WFD cells of the Shire at Chiromo basin (Yellow = 0 to -1.5, Orange = -
1.5 to -2, Purple = < -2). 
 
Figure 5.22 gives the SRI 48 results for Shire at Chiromo. The colour scale is defined as for 
Figure 5.21. From the plot it is evident that two periods are distinguished from the rest. First, 
the period between May-67 and January-77 displays lower than normal streamflow for the 
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entire decade. This is followed by 15 years of higher than normal streamflow, before a drier 
period starts again in November-93. After 1993, the streamflow drought builds up and 
becomes moderate in October-95. From April-96, the drought has become severe and this 
condition is sustained through 1997, until October-98. From here 1999 displays mostly 
positive SRI values before the severe drought reoccurs in 2000-01.    
 
Figure 5.22.  SRI 48 for Shire at Chiromo (Yellow = 0 to -1.5, Orange = -1.5 to -2, Purple = < -2). 
 
6. Discussion 
6.1. Comparing modelled and observed precipitation 
The modelled and observed precipitation series, showed a good overall agreement. It was 
found that there seemed to be a slight underestimation for large monthly precipitation means 
and some overestimation for low monthly precipitations means. It should be mentioned that 
the WATCH-Forcing data are constructed to optimize the goodness of fit on a gridded scale 
of 50 km x 50 km. The goal is to be as close to reality for the total precipitation of that area 
in a mean height, and it can therefore not be expected to perform very good in areas where 
there is very large spatial variation in precipitation patterns over small distances (from Mr 
Weedon, pers. com., 03.02.2010). One example of this is the Lujeri station. From Figure 5.1, 
it is readily found that Lujeri is the station where the modelled and observed precipitation 
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differ the most. Located within the same WFD cell, and very close (approximately 10 km) to 
the Mimosa station, Lujeri has a mean annual rainfall of 2300 mm, compared to 1622 mm at 
Mimosa. According to Ngongondo et al. (2010), the south east of Malawi is where one finds 
the highest spatial variation throughout the country. The coefficient of variation was 
consistently the same or higher for the observed data, yielding a sort of smoothing for the 
modelled data compared to the observed precipitations series. This leads to the assumption 
that while modelled data seem to recognize the mean monthly values fairly well, the absolute 
values of extremes are not that well represented.  
On average for the 32 stations investigated in this study, the correlation between monthly 
modelled and observed precipitation series was as high as 0.86. For the four validations 
series the correlation was lower, 0.82, but is still significant.  The correlation comparisons 
indicate that the modelled data does to a very high degree describe the relative variability in 
Malawi.  
A comparison through correlation was also performed for the different SPI series calculated. 
Overall high correlations were found between simulated and observed data (~ 0.6 – 0.7), and 
similar correlations were found for the validations stations. This suggests that the use of 
modelled data in drought assessment must be recognized as a valuable tool. The results of 
the comparison yielded a consistently lower correlation for the SPI series than was found for 
precipitation. This can be expected as the SPI series in contrast to the precipitation does not 
exhibit seasonality. In regions like Malawi where the seasonality in the precipitation pattern 
is very strong, the seasonality alone can result in relatively high correlation. It should be 
noted that as SPI operates on standardized quantities, if the relative variation for the 
modelled data are the same as for the observed series, the severity of each anomaly event 
would be seen in the simulated SPI series even though the underlying absolute precipitation 
values are different. As the data has proven to perform variably subsequent to the calculation 
of SPI, it is vital to have some knowledge of the climatological features of the area when 
investigating drought. This, however, is important no matter where the Standardized 
Precipitation Index or any other form of drought study is to be conducted (Hayes et al., 
1999).  
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6.2. Historical droughts 
To identify the historically major droughts in Malawi the Regional Drought Index was 
applied to the SPI series of the WFD, for the different averaging intervals. Two distinct 
periods with drier conditions than normal occurred within the period studied (1960 – 2001). 
The 1992 and 1994-95 droughts were recognized as the most severe, and in literature these 
are well documented (e.g., Diagne and Zeller, 2001; Jury and Mwafulirwa, 2002; Boken et 
al., 2005; Encyclopedia of the nations, 2010). Center for International Disaster Information 
(2000) reported that during both of these events the majority of the people in Malawi 
“already living under an ailing economy were adversely affected especially in areas of food 
security”. Severe changes in yield of maize production driven largely by precipitation 
fluctuations are documented in Tschirely et al. (2004), where 1992 and 1995 represent the 
lowest yields of their study. Inter Press Service News Agency (2010) states that the extreme 
weather events experienced both in droughts and flooding have caused farmers of Malawi to 
stop growing maize, the country’s staple food, and to move on to more drought-resistent 
crops.  
By exploring the values of SPI 6 for April separately, it was observed that the wet season 
proved useful in drought assessment in this highly seasonal climate. The series identified the 
most severe droughts, while excluding dry season anomalies where little or no precipitation 
is expected. This provides a good overview of the annual precipitation totals, and hence 
expected water contribution to rivers and storages, compared to the historical record.  
 
6.3. Spatial mapping of historical events 
By the use of WFD, one has a unique way of observing the spatial development of a 
meteorological drought. Using observed data where the station density varies and several 
areas might not be represented, the spatial development and decay can be more difficult to 
identify. As SPI can be aggregated to any time scale, spatial mapping of any drought of 
interest, either it is short or long term, affecting soil moisture or groundwater is possible. 
From the three examples given in section 5.3, the spatial mapping of SPI 1 showed that the 
SPI values shifted substantially from month to month, and that it was hard to detect severe 
droughts. However, when looking at the plots for SPI 12 and SPI 48 the droughts become 
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more pronounced. Both plots seem to project the same general pattern in the drought 
development. Starting with a relatively dry condition throughout the country, the drought as 
it develops, increases in severity the southern part of the country, while it decrease in the 
mid and northern parts. More generally, Ngongondo et al. (2010) observed that inter annual 
rainfall variability was lower in the central and northern parts of Malawi, suggesting that 
local factors as topography may play a role. In the example examined in section 5.3 the 
southern parts of Malawi experienced more severe drought, than the rest. It can also be 
mentioned that it is in the Lower Shire Valley in the south, one finds the areas with lowest 
precipitation (Ngongondo et al., 2010), and the areas with highest population density (World 
Trade Press, 2008) in the country.  
 
6.4. Comparing meteorological droughts (SPI) with SRI 
The study demonstrated that there was not a very good match between SPI and SRI for the 
smaller river catchments analysed. Mulunguzi did not exhibit any correlation between SRI 1 
and any of the SPI series. This might be expected as the size of the catchment is very small, 
and to find a relation one might have to explore data on a higher resolution (e.g., daily data).  
A clear connection between the two indices was first detected for the Luweya river basin of 
2320 km2, where SPI 12 and SRI 12 showed a clear agreement. Shukla and Wood (2008) 
also found a very good correlation between SPI 12 and SRI 12 for the Feather River basin in 
California with a drainage area of 7680 km2, where they pointed out a clear loss in 
correlation for the shorter averaging intervals. Keshin and Sorman (2010) found that when 
comparing SPI and SRI series for the Çamlidere Dam basin in Turkey, that the relationship 
between SPI 12 and SRI 12 was significant on a 95% confidence interval, with a lag time of 
1-2 months of SRI to SPI.  
For the large river basins of the Shire River, 12 months did not yield a clear connection 
between SPI and SRI, indicating that the response time of the system is slower. For all three 
stations highest correlations were found between SRI 1 and SPI 48. This suggests that the 
response time of the Shire River is closer to four than two years. At the three different 
gauging points of the Shire River, the response time was the same. What should be observed 
is that the runoff behaviour of the three stations is very closely related up until around 
November-92. From this point Shire at Mangochi, continues to display a seasonal pattern, 
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while Shire at Chiromo drastically reduces the seasonal variations, and Shire at Liwonde 
flattens out to almost a constant runoff value between November-92 and November-00. As 
mentioned earlier, two flood plains are located between Shire at Mangochi and Shire at 
Liwonde, and the attenuation of the river affects evaporation and runoff.  In Liwonde a dam 
was built in 1965 to control and regulate the flow of the Shire River. After the extreme 
drought in 1992, it is possible that this dam was used to regulate the runoff so that the runoff 
would be relatively constant throughout the year, until the water storages were refilled. If 
this is the case, it would also explain the drastic decline in annual variability recorded for 
Shire at Chiromo downstream. As Shire at Chiromo has a larger drainage basin than Shire at 
Liwonde, the excess area of Chiromo compared to Liwonde would not be affected by dam 
regulation, and hence some seasonal variations would still be displayed. Unfortunately, the 
regulation schematics for the Liwonde dam are not available, and so this can not be 
documented. Alternatively, it is possible that the low amount of precipitation in the period 
following 1992 alone lead to the diminishing seasonal pattern of Liwonde as the evaporation 
on the floodplains between Mangochi and Liwonde exceeded river recharge from Lake 
Malawi throughout the period. 
What is very clear from the comparison of SPI and SRI for the Shire stations is that while 
the peak of the drought from SPI is found for November-95, the lowest runoff registered for 
the three stations does not occur until around a year later. An alternative way of illustrating 
the relationship between SPI and SRI, were presented by introducing time plots with colour 
scales based on threshold intervals (Figures 5.20 and 5.21). They showed that the two 
periods of drought displayed by Shire at Chiromo followed a long period of moderate 
meteorological drought in the 1970s, and a shorter but more severe meteorological drought 
in the early 1990s. Only the latter led to severe hydrological drought per definition (SRI < -
2). 
 
7. Conclusion 
Drought is the biggest threat to the Malawian economy, and the understanding of the 
conditions leading to a severe drought, and to identify the behaviour of droughts is crucial to 
the country. There were two main foci in this study. The first was to compare observed and 
modelled precipitation, and the usefulness of modelled data in drought assessment on both 
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local and regional scales. The second was to investigate the possibility to characterize 
streamflow by investigating meteorological conditions.   
 As described in this study, Malawi like many other African countries does not have a well 
developed observational network for meteorological and hydrological data, and according to 
government officials, the network is still weakening. Currently, global climate models are 
becoming more common and their performance is improving. This study compared modelled 
and observed precipitation to evaluate the applicability of modelled data in drought 
assessment. Comparison by correlation showed that for the 32 precipitation stations involved 
in the study, the average correlation between observed and modelled data was 0.86. Four of 
these stations were not used in the estimation of the modelled data, and were considered 
independent validation stations. These four stations yielded a mean correlation as high as 
0.82, and thus suggest that the use of the modelled data is valuable. It is, however, important 
to note that the correlations did vary, and that at some locations, especially in areas where 
spatial variation is high over small distances, the modelled data has limitations. The data is 
averaged values over 50 km x 50 km at a mean elevation for each cell, and hence its ability 
to recognize variations on a smaller scale is non-existent.  
Correlation comparisons for the SPI series, showed that the loss of seasonality that occurs 
when using SPI, decreased the correlation to a certain extent. Still, the average correlation 
for SPI 12, SPI 24, SPI 48 was 0.70, supporting the assumption that the WFD are fit to be 
used in drought studies. The Regional Drought Index was introduced as a tool for detecting 
severe droughts on a national scale, and with a threshold of -2, the most severe droughts 
documented in literature, was identified. Combining the SPI 6 April series and the RDI 
method yielded a very simple graph, illustrating that in highly distinct seasonal precipitation 
climates, exploring seasons separately might prove useful to identity precipitation anomalies.  
Spatial mapping of the 1994-95 drought on different averaging intervals illustrated how the 
combination of SPI and WFD can be used to explore development and decay of droughts, 
including both severity and spatial variation. Comparing SPI and SRI was done for seven 
river catchments in Malawi. The results showed that the reponse time of the rivers increased 
with increasing catchment sizes. For the smaller catchments there were found no clear 
agreement between SPI and SRI. However, the medium sized and large river basins, 
displayed a clear connection between the two. The large basins downstream Lake Malawi, 
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had long response time (e.g., 48 months), whereas the medium sized basins responded more 
quickly (e.g.,12 months).  
The conclusions drawn from this study suggest that WFD is a promising data source for 
drought assessment, especially in data scarce regions where the observational network 
provides insufficient data for a sound analysis. On a local scale, less than the size of a cell, 
the performance of the modelled data varied to a certain extent, and local knowledge of the 
climatology is needed to assure good results. However, this should be compulsory for any 
drought study. On a regional scale, the Regional Drought Index applied to the WFD, 
displayed an easy way to map and recognize droughts of different severity and durations, 
due to the flexibility available when combining SPI with a threshold value.  
Further analyses need to be conducted to investigate the spatial precision of the WFD. An 
interesting study would be to conduct the same type of precipitation comparison as 
performed in this study in different climatological zones, to see if there would be large 
differences in performance of the modelled data in different climates. Also a comparison 
between RDI and teleconnection (ENSO, SOI, SST) would an interesting subject to study. 
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10. Appendixes 
Appendix I) 
Table A.1. Show all precipitation stations used in the modelling of the WFD series
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Appendix II 
Figure A.2. Percent of dry cells of all cells of Malawi for SPI 1 (threshold = -1). 
 
Figure A.3. Percent of dry cells of all cells of Malawi for SPI 1 (threshold = -1.5). 
 
Figure A.4. Percent of dry cells of all cells of Malawi for SPI 1 (threshold = -3). 
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Figure A.5. Percent of dry cells of all cells of Malawi for SPI 3 (threshold = -1). 
 
Figure A.6. Percent of dry cells of all cells of Malawi for SPI 3 (threshold = -1.5). 
 
Figure A.7. Percent of dry cells of all cells of Malawi for SPI 3 (threshold = -2). 
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Figure A.8. Percent of dry cells of all cells of Malawi for SPI 3 (threshold = -3). 
 
Figure A.9. Percent of dry cells of all cells of Malawi for SPI 6 (threshold = -1). 
 
Figure A.10. Percent of dry cells of all cells of Malawi for SPI 6 (threshold = -1.5). 
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Figure A.11. Percent of dry cells of all cells of Malawi for SPI 6 (threshold = -3). 
 
Figure A.12. Percent of dry cells of all cells of Malawi for SPI 12 (threshold = -1). 
 
Figure A.13. Percent of dry cells of all cells of Malawi for SPI 12 (threshold = -1.5). 
SPI6 Sum (threshold = -3)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
Ju
n-
58
Ju
n-
60
Ju
n-
62
Ju
n-
64
Ju
n-
66
Ju
n-
68
Ju
n-
70
Ju
n-
72
Ju
n-
74
Ju
n-
76
Ju
n-
78
Ju
n-
80
Ju
n-
82
Ju
n-
84
Ju
n-
86
Ju
n-
88
Ju
n-
90
Ju
n-
92
Ju
n-
94
Ju
n-
96
Ju
n-
98
Ju
n-
00
Time
%
 D
ry
 c
el
ls
Sum
SPI12 Sum (threshold = -1)
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
D
ec
-5
8
D
ec
-6
0
D
ec
-6
2
D
ec
-6
4
D
ec
-6
6
D
ec
-6
8
D
ec
-7
0
D
ec
-7
2
D
ec
-7
4
D
ec
-7
6
D
ec
-7
8
D
ec
-8
0
D
ec
-8
2
D
ec
-8
4
D
ec
-8
6
D
ec
-8
8
D
ec
-9
0
D
ec
-9
2
D
ec
-9
4
D
ec
-9
6
D
ec
-9
8
D
ec
-0
0
Time
%
 D
ry
 c
el
ls
Sum
SPI12 Sum (threshold = -1.5)
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
D
ec
-5
8
D
ec
-6
0
D
ec
-6
2
D
ec
-6
4
D
ec
-6
6
D
ec
-6
8
D
ec
-7
0
D
ec
-7
2
D
ec
-7
4
D
ec
-7
6
D
ec
-7
8
D
ec
-8
0
D
ec
-8
2
D
ec
-8
4
D
ec
-8
6
D
ec
-8
8
D
ec
-9
0
D
ec
-9
2
D
ec
-9
4
D
ec
-9
6
D
ec
-9
8
D
ec
-0
0
Time
%
 D
ry
 c
el
ls
Sum
  74 
Figure A.14. Percent of dry cells of all cells of Malawi for SPI 12 (threshold = -3). 
 
Figure A.15. Percent of dry cells of all cells of Malawi for SPI 24 (threshold = -1). 
 
Figure A.16. Percent of dry cells of all cells of Malawi for SPI 24 (threshold = -1.5). 
SPI12 Sum (threshold = -3)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
D
ec
-5
8
D
ec
-6
0
D
ec
-6
2
D
ec
-6
4
D
ec
-6
6
D
ec
-6
8
D
ec
-7
0
D
ec
-7
2
D
ec
-7
4
D
ec
-7
6
D
ec
-7
8
D
ec
-8
0
D
ec
-8
2
D
ec
-8
4
D
ec
-8
6
D
ec
-8
8
D
ec
-9
0
D
ec
-9
2
D
ec
-9
4
D
ec
-9
6
D
ec
-9
8
D
ec
-0
0
Time
%
 D
ry
 c
el
ls
Sum
SPI24 Sum (threshold = -1)
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
D
ec
-5
9
D
ec
-6
1
D
ec
-6
3
D
ec
-6
5
D
ec
-6
7
D
ec
-6
9
D
ec
-7
1
D
ec
-7
3
D
ec
-7
5
D
ec
-7
7
D
ec
-7
9
D
ec
-8
1
D
ec
-8
3
D
ec
-8
5
D
ec
-8
7
D
ec
-8
9
D
ec
-9
1
D
ec
-9
3
D
ec
-9
5
D
ec
-9
7
D
ec
-9
9
D
ec
-0
1
Time
%
 D
ry
 c
el
ls
Sum
SPI24 Sum (threshold = -1.5)
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
D
ec
-5
9
D
ec
-6
1
D
ec
-6
3
D
ec
-6
5
D
ec
-6
7
D
ec
-6
9
D
ec
-7
1
D
ec
-7
3
D
ec
-7
5
D
ec
-7
7
D
ec
-7
9
D
ec
-8
1
D
ec
-8
3
D
ec
-8
5
D
ec
-8
7
D
ec
-8
9
D
ec
-9
1
D
ec
-9
3
D
ec
-9
5
D
ec
-9
7
D
ec
-9
9
D
ec
-0
1
Time
%
 D
ry
 c
el
ls
Sum
  75 
Figure A.17. Percent of dry cells of all cells of Malawi for SPI 24 (threshold = -3). 
 
Figure A.18. Percent of dry cells of all cells of Malawi for SPI 48 (threshold = -1). 
 
Figure A.19. Percent of dry cells of all cells of Malawi for SPI 48 (threshold = -1.5). 
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Figure A.20. Percent of dry cells of all cells of Malawi for SPI 48 (threshold = -3). 
 
Appendix III 
Figure A.21. Comparison of SRI for Domasi and SPI 1 for the WFD-cell containing its drainage area. 
 
Figure A.22. Comparison of SRI for Domasi and SPI 3 for the WFD-cell containing its drainage area. 
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Figure A.23. Comparison of SRI for Domasi and SPI 12 for the WFD-cell containing its drainage area. 
 
Figure A.24. Comparison of SRI for Domasi and SPI 24 for the WFD-cell containing its drainage area. 
 
Figure A.25. Comparison of SRI for Domasi and SPI 1 for the WFD-cell containing its drainage area. 
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Figure A.26. Comparison of SRI for Luweya and SPI 1 for the WFD-cell containing its drainage area. 
 
Figure A.27. Comparison of SRI for Luweya and SPI 3 for the WFD-cell containing its drainage area. 
 
Figure A.28. Comparison of SRI for Luweya and SPI 6 for the WFD-cell containing its drainage area. 
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Figure A.29. Comparison of SRI for Luweya and SPI 24 for the WFD-cell containing its drainage area. 
 
Figure A.30. Comparison of SRI for Luweya and SPI 48 for the WFD-cell containing its drainage area. 
 
Figure Figure A.31. Comparison of SRI for Mulunguzi and SPI 1 of for the WFD-cell containing its 
drainage area. 
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Figure A.32. Comparison of SRI for Mulunguzi and SPI 6 of for the WFD-cell containing its drainage 
area. 
 
Figure A.33. Comparison of SRI for Mulunguzi and SPI 12 of for the WFD-cell containing its drainage 
area. 
 
 Figure A.34. Comparison of SRI for Mulunguzi and SPI 24 of for the WFD-cell containing its drainage 
area. 
SRI vs SPI Mulunguzi (6 months)
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Figure A.35. Comparison of SRI for Mulunguzi and SPI 48 of for the WFD-cell containing its drainage 
area. 
 
Figure A.36. Comparison of SRI for Thuchila and SPI 1 of for the WFD-cell containing its drainage 
area. 
 
Figure A.37. Comparison of SRI for Thuchila and SPI 3 of for the WFD-cell containing its drainage 
area. 
SPI vs SRI Mulunguzi (48 months)
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Figure A.38. Comparison of SRI for Thuchila and SPI 12 of for the WFD-cell containing its drainage 
area. 
 
Figure A.39. Comparison of SRI for Thuchila and SPI 24 of for the WFD-cell containing its drainage 
area. 
 
Figure A.40. Comparison of SRI for Thuchila and SPI 48 of for the WFD-cell containing its drainage 
area. 
SRI vs SPI Thuchila (12 months)
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Figure A.41. Comparison of SRI for Shire at Mangochi and SPI 12 sum for the cells within its drainage 
area. 
 
Figure A.42. Comparison of SRI for Shire at Mangochi and SPI 24 sum for the cells within its drainage 
area. 
 
Figure A.43. Comparison of SRI for Shire at Liwonde and SPI 12 sum for the cells within its drainage 
area. 
 
SRI vs SPI Shire at Mangochi (12 months)
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Figure A.44. Comparison of SRI for Shire at Liwonde and SPI 24 sum for the cells within its drainage 
area. 
 
Figure A.45. Comparison of SRI for Shire at Chiromo and SPI 12 sum for the cells within its drainage 
area. 
 
Figure A.46. Comparison of SRI for Shire at Chiromo and SPI 24 sum for the cells within its drainage 
area. 
 
 
 
SRI vs SPI Shire at Liwonde (24 months)
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